Abstract-The aim of the paper is to provide an optimal placement of sensors for inhabitant location tracking in smart homes, by using only motion detectors. In particular, motion detectors are binary sensors largely used in ambient assisted living applications because they are low cost, non-intrusive and privacy sensors. An approach to optimize the placement of motion detectors in a real home environment by adopting a twodimensional grid is presented. In this context, the real coverage area of a sensor is computed by considering the obstacles and respecting the specified coverage performance requirements. The optimization problem is formalized and solved as an Integer Linear Programming problem and a case study is presented to show the efficacy of the proposed approach.
INTRODUCTION
In recent years the development of smart home technologies allows helping people to live in more comfortable and safe environments. A smart home is equipped by sensors and actuators devices that can be remotely controlled. On the basis of the information given by the sensors, the actuators can be controlled for different purposes, e.g. to improve the comfort (heating, air conditioning and ventilation system, lights control, etc.) or to ensure the safety of inhabitants (fire or gas control, health problem detection, etc.) [1] . In this context, smart home technologies are largely used for Ambient Assisted Living (AAL) applications [2] , [3] , [10] , [15] . AAL is a field of research that aims to improve the comfort and the safety of aged or disabled people living in their own dwelling [2] . It includes several applications such as the remote monitoring of patients having long term diseases, the control of smart equipments to support elderly people in their daily activities and the indoor location tracking of inhabitants [3] . Indoor location tracking is a meaningful evidence for numerous AAL activities. It consists in finding the location of inhabitants on the basis of the information given by different sensors. For instance, the knowledge of the real time location of inhabitants is helpful for the detection of health problems or to improve the comfort of the environment [2] . For these purposes, it is relevant to optimize the number and placement of sensors in smart homes in order to improve the location tracking performance [4] - [11] . This paper proposes an approach to optimize the placement of motion detectors for a given smart home topology by considering three aspects: i) the technology and the cost of sensors; ii) the obstacles that can limit the sensor detection; iii) the coverage requirements. The objective of the presented optimization problem is optimizing the placement of the sensors by minimizing the costs and satisfying the coverage requirements. This sensor placement optimization problem is formalized as an Integer Linear Programming (ILP) problem by adopting a two dimension (2D) grid description of the flat. Moreover, the discussion of a case study shows the effectiveness of the proposed approach by considering different scenarios.
The paper is organized as follows: Section II analyzes the related works. Section III introduces the optimization approach for sensors placement and Section IV shows a case study by considering different scenarios for a given map of the flat. Finally Section V summarizes the conclusions and gives some perspectives for further works.
II. RELATED WORKS
The optimization of the sensor number and placement is a relevant topic for different fields of research. Many authors deal with this problem by adopting different approaches.
Feng. et al. [4] study the optimal design of an infrared motion sensing system for human motion localization in the context of human-following robots. In particular, they aim to find the optimal number and placement of Passive InfraRed (PIR) sensors in order to improve the localization performance. To this purpose, a multi-objective, mixed-integer-discretecontinuous optimization problem is presented and solved by using a divide and conquer based Genetic Algorithm method [4] . Moreover, Bishop et al. [5] aim to identify the optimal geometries for an arbitrary number of sensors and they show the influence of the sensor-target geometry on the potential localization performance by using analytical results and illustrative examples. In [6] Emmons et al. evaluate the optimal placement of binary sensors by providing several definitions for sensor coverage and spatial probability and by focusing on one dimension sensor arrays. A metric for measuring the overall utility of a given set of choices is presented that includes evaluation of the precision of measurements and coverage, and the associated costs. In addition, Zaho et al. [7] face the problem of finding the optimal sensor placement that can minimize the target tracking uncertainty by studying a control strategy that provides a flexible solution to autonomous optimal sensor deployment in 2D and 3D spaces. Differently, Farkas [8] investigates how to place wireless references ZigBee sensors to perceive the signal of at least three sensors in each point of a grid by minimizing the number of sensors. To this purpose a simulated annealing based algorithm to find the optimal number and placement of the reference sensors is proposed. Hiromori et al. [9] deal with the sensor placement optimization problem for multi-point pedestrian flow monitoring. To reach this goal, they propose an algorithm based on a Simulated Annealing approach and iteratively improve solutions to converge to near optimal solutions.
In the previously mentioned works, different methods to solve the problem of sensors placement optimization in a given space (1D, 2D or 3D) for location tracking purposes are developed but none of them is used to solve the problem of inhabitants location tracking in smart homes by considering a real environment. In this context, Gaddam et al. [10] present a framework to care elderly people in smart home based on wireless sensors. The selection of sensors is justified by a sensor selection architecture on the basis of the performance assessment perspectives. An evaluation module choices the appropriate sensor nodes on the basis of performance requirements for observability, fault detection, fault robustness and cost. Then, an optimization module searches through the solution space for the optimal sensor number deployment. Anyway, the authors do not show the applicability of the method on a real home environment. On the contrary, Vlasenko et al. [11] propose a hardware/software platform that aims to help an inhabitant in performing several daily activities within his/her home environment. The goal is to recognize the general activities in real time, without violating the privacy and develop a method for planning the optimal deployment of binary passive infrared (PIR) motion sensors. They aim to optimize the placement of sensors on the basis of the zones visitation frequency by considering only one inhabitant. In Danancher et al. [1] , [2] a method that aims at the systematic construction of a Discrete Event System model for real-time location tracking of one or multiple inhabitants into a smart home is proposed. In addition, a location tracking algorithm as well as a procedure to evaluate the relevance of a given instrumentation for location tracking, are proposed. Several criteria are defined to evaluate a priori the performance of the chosen instrumentation and to help the expert for manually improving it. In particular, one of these criteria measures the inability of the sensors network to detect the presence of inhabitants in certain zones of the flat (unlocationable zones are so defined). In fact, according to this criterion, a zone has to be covered by at least one sensor to allow to detect the presence of inhabitants. On the basis of the defined criteria, the performance of the location tracking algorithm is evaluated by an expert that can decide if a modification of sensors in term of type, number and placement is necessary.
In order to overcome the problem of manually modifying the sensor network, this paper proposes an extension of [1] and provides an automatic approach to optimize the sensor placement by guaranteeing the respect of the coverage requirements [2] .
To reach this objective, we formulate the following assumptions:
i.
only PIR motion detectors are used to respect the privacy [1] , [2] , [11] ;
ii. the living space is discretized by means of a twodimensional grid because only the localization of inhabitants in 2D is required for AAL purposes [11] - [14] .
III. SENSOR PLACEMENT OPTIMIZATION APPROACH
In this section, we introduce an approach to optimize the placement of motion detectors by minimizing the costs, maximizing the overlapping of detection zones of sensors and respecting specific coverage requirements in a domestic environment.
In particular, a database of sensors and a map of the dwelling are necessary inputs for the optimization. Moreover, considering the given map, independent zones can be identified and for each zone and an ILP problem is defined, by customizing it on the basis of the zone coverage necessities. Then, each independent ILP problem is solved and the optimal solution for sensor placement is given for each zone of the flat.
The scheme of the presented optimization strategy is shown in Fig. 1 . Sensor placement optimization approach
A. The Flat Map and Sensors Technology
Let us consider an example of flat with the topology that is shown in Fig. 2 . The flat is composed by several rooms: a hallway (H), a living room (LR), a kitchen (K), a dining room (DR), a bedroom (Bd) and a bathroom (Bt).
It is remarked that walls constitute obstacles for the sensing field of motion detectors. Indeed, the zone covered by motion detectors can be modified by the presence of internal walls and may generate zones not covered by the sensors. The sensing capacity of the considered motion detectors is characterized by a detection angle of 180° and a detection range R (these values depend on the class of the PIR). Fig. 3(a) shows the detection zone including obstacles and Fig. 3(b) depicts the coverage zone after the 2D grid division of the zone.
Moreover, internal walls, closets (signed by crosses in Fig.  2) , open doors and windows may be considered as obstacles for the motion detectors. In the dwelling of Fig. 2 , a set of internal walls identifies three closed zones (see Fig. 4 ): the hallway, the living room, the dining room, and the kitchen (Zc 1 ), the bedroom (Zc 2 ) and the bathroom (Zc 3 ). Since the three closed zones are limited by walls, each of them can be considered as an independent zone for sensor placements. For this reason, for each independent zone a sensor placement optimization problem can be defined. 
B. The Integer Linear Programming Problem Definition
In this subsection, we formalize the sensor placement optimization problem for each closed zone as an ILP problem.
In the proposed optimization framework, the objective is to optimize the placement of sensors, by minimizing costs and satisfying the zone coverage requirements. In order to formalize the problem, the following sets are defined:
is the set of grid points determined by dividing the zones in a 2D grid with suitable scales , . It is remarked that the designer can set the grid scales on the basis of the zone dimensions.
= ∈ ℕ | = 1, … , with ⊆ is the set of grid points where the sensors can be placed; = ∈ | is occupied by an obstacle : ⊂ , set of points of the grid that are occupied by an obstacle; = ∈ ℕ | = 1, … , is the set of sensor types. where ⎿ ⏌ denotes the floor function of , i.e., the largest integer not greater than the real number .
Moreover, each element ∈ represents a motion detector type that is characterized by different technological and cost factors. In particular, the technological factor refers to the detection capacity of the sensor (detection angle and range), and the cost factor refers to the price of the sensor, including the cost for installation and maintenance. Hence, a cost is associated to each motion detector type ∈ and is denoted by the element of vector ∈ ℕ .
In addition, the grid coverage is denoted by the following binary variables: To specify the coverage of the grid points according to specific requirements and by excluding the obstacles, the following parameters are defined: 
g=1m
∈ ℕ if ∈ / , where represents the minimum number of sensors that have to cover the grid point that is not an obstacle; = 0 if ∈ , i.e., is an obstacle.
The object of the problem is minimizing the costs of the sensors and maximizing the overlapping of the detection zones by assuring that all the grid points ∈ / are covered according to the coverage requirements. It is remarked that the objective of maximizing the overlapping is necessary in order to allow as precise as possible determination of the inhabitants position. Now, we define the following primary objective function expressing the minimization of total sensor cost:
Moreover, we define the secondary objective function expressing the maximization of the overlapping of the zones covered by the sensors:
Then we optimize the two objectives in lexicographic order [17] : we first minimize and then we maximize , while keeping at its minimum. The obtained mathematical formulation is the following ILP problem:
( 3 a ) subject to
The constraints (3b) impose that the minimum number of sensors that have to cover the grid point ∈ is equal to .
IV. CASE STUDY
In this section a case study is presented to show the effectiveness of the optimization approach by considering three scenarios. To this purpose, we study the flat of Fig. 2 and 4 that has the following dimensions: the flat is of 6 × 9 = 54 ; Zc 1 is of 38 ; Zc 2 is of 12.25 ; Zc 3 is of 2.5 × 1.5 = 3.75 .
Furthermore, we consider = = with different values of for the three closed zones, as reported in Table I . In such a way we show that it is possible to choose the value of to modify the coverage accuracy.
TABLE I. GRID SCALES FOR THE THREE CLOSED ZONES AND CHARACTERISTICS OF THE CONSIDERED SENSORS

Closed Zone
Zc1
Zc2 Zc3
Grid scale 30cm 20cm 10cm
Moreover, the motion detector set is = , , and includes three sensors that are characterized by the same detection angle (180°) with different ranges and costs as shown in Table I .
We assume that the placement of motion detectors is allowed only on the perimeter walls by excluding doors, windows, internal walls and closets (signed by crosses) as depicted in Fig.  6 .
In the following subsections we solve the ILP problem (3(a),(b) ) by considering three scenarios: i) in Scenario 1, Zc 1 , Zc 2 , Zc 3 are considered to show the coverage of the flat in presence of permanent obstacles (walls, closets); ii) in Scenario 2, the zone Zc 2 is studied in presence of open windows and open doors as additional obstacles for the sensor detection; iii) in Scenario 3, the ability of the methodology to take into account the sensor failures is studied by considering zone Zc 1 .
In each case the ILP problem is solved by using the solver GNU Linear Programming Kit [16] and an Intel-Core i5-2450M, CPU at 3.40 GHz, with 6GB RAM. The solution of the problems is obtained in at the most 570 seconds. Moreover, we remark that all the reported coordinates are expressed in meters and are computed as shown in Example 1 according to grid scales of Table I . The perimeter walls available for motion detectors placement.
A. Scenario 1
In Scenario 1, for each independent zone, the objective is to optimize the placement of sensors by imposing that at least one sensor covers each zone not representing obstacles, i.e., = 1 if ∈ / and = 0 if ∈ .
Assuming that the walls and the closets are obstacles and using the grid scales reported in Table I , the three zones are discretized as follows: Finally, the result of the ILP solution for Zc 3 is shown in Fig.  9 . The optimal solution is composed by two motion detectors of type md 1 with a cost of 70€: the first one is placed at grid point 390 ( , ) = (0.5, 2.4) and the second one is placed at grid point 398 ( , ) = (1.4, 0.4).
B. Scenario 2
In Scenario 2 we aim to cover zone Zc 2 by considering the doors (fully opened) and the windows (fully opened) as additional obstacles and by keeping the coverage constraints imposed by Scenario 1.
Therefore, we set = 1 if ∈ / and = 0 if ∈ .
In this case, three sensors are necessary to cover zone Zc 2 according to the coverage constraints with a cost of 135€: one sensor md 1 placed at grid position ( , ) = (3, 4) and two motion detectors of type md 2 placed at grid positions ( , ) = (0, 3.2) and 10 ( , ) = (1.8, 0) , respectively. In particular, the ILP solution is depicted in Fig. 10 where the coverage zones of the three sensors are respectively illustrated in Fig. 10(a) , 10(b) and 10(c) while Fig. 10(d) shows the complete coverage of Zc 2 .
Comparing Fig. 8 and Fig. 10(d) , it is evident that in Scenario 2 the number of motion detectors necessary to cover the grid according to the constraints is higher than in Scenario 1. This result is due to the increase of the number of obstacles, passing from Scenario 1 to Scenario 2. In particular, in the Scenario 1, one sensor of type md 2 is sufficient to appropriately cover Zc 2 , while in Scenario 2 three sensors (one md 1 
C. Scenario 3
In Scenario 3 the goal is to reinforce the coverage of zone Zc 1 to be able to perform location tracking even in case of a sensor failure. In this case, the walls and the closets are considered as obstacles.
Therefore, we set = 2 if ∈ / and = 0 if ∈ , to cover each point ∈ / at least by two sensors.
The results of the ILP solution are shown in Fig. 11 . In this case, the optimal solution is given by the combination of six sensors: two sensors of type md 1 are placed at grid positions ( , ) = (9, 4.2) and ( , ) = (9, 5.7), respectively; four sensors of type md 2 are placed at grid positions ( , ) = (3, 0) , ( , ) = (4, 0) , ( , ) = (4.5, 6) and ( , ) = (4.8, 6) , respectively. In particular, the detection zones of the two md 1 sensors are represented in Fig.  11(a)-(b) while Fig. 11(c) -(f) depict the detection zones of the four md 2 sensors.
V. CONCLUSIONS
In this paper the sensor placement optimization problem in the context of inhabitants location tracking is solved by considering a real home environment and by using motion detectors only. In the proposed optimization approach, starting from a database of sensors and a map of the flat, an Integer Linear Programming problem is formulated in order to optimize the placement of sensors by minimizing the costs and respecting specific coverage requirements for each independent zone of the dwelling. The application to a case study shows that the proposed approach can provide different optimal solutions in different scenarios on the basis of the sensor costs and the requested coverage accuracy.
Future research will aim at extending the placement of motion detectors in all the flat and will consider other types of sensors in order to improve the accuracy of the grid coverage and the performance of the location tracking.
